Recent laboratory studies have shown that starch-encapsulation (SE) may reduce leachate losses of certain pesticides. This study compares field-scale mobility and per~stenee of SE-atrazine [2-chloro-4-ethylamino-6-isopropylamino-s-triazine] and alachlor [2-¢hloro-N(2,6-diethyipbenyl)-N-(methoxymethyl)acetamide] to that of a commercial formulation (C10 of atrazine and alaehlor. The research site consisted of four (0.25 ha) fields. Two fields were under no-tillage management (NT) and two were under conventional tmage (CT). One field in each tillage system received SE-formulated atrazine and ulachlor, while the others received CFatrazine and alachlor. Chemical movement and persistence was determined by analysis of surface samples (--3 cm) taken immediately after application and 1.1-m soil cores collected seven times over 2 yr. No significant difference in herbicide residue levels was observed between NT and CT, but there was a herbicide formulation effect. Soil residue analysis suggests that SE-atrazine was more persistent and less mobile than CF-atrazine. Starch-encapsulated-alachlor was slightly more persistent than CF-alachlor, but no differences in mobility between formulations was observed. The differential field behavior between SEherbicides is attributed to the faster release of alachlor from the starch granules. Increased atrazine persistence was attributed to the reduction of leachate losses. The reduction in atrazine leaching is likely due to the slow release from the starch granules and subsequent diffusion into the soil matrix where it is less subject to preferential flow processes.
A~H
OUGH ATRAZINE and alachlor are degraded bioogically, leaching losses for both can be appreciable (Wehtje et al., 1984; Isensee et al., 1990; Gish et al., 1991a) . Additionally, alachlor losses by volatilization can also be significant (Glotfelty et al., 1989) . Volatilization losses during application for some formulations of alachlor may be responsible for low recoveries immediately after application. Helling et al. (1988) found that alachlor recoveries <1 d after application were <57 % of that applied when surface broadcast as an emulsifiable concentrate.
Starch-encapsulation (SE) is a controlled release technology that may modify the behavior of pesticides in such a way as to minimize environmental impacts (Gish et al., 1991b; Mills et al., 1991 p. 203-209; Boydston, 1992; Wienhold et al., 1993) . Schreiber et al. (1987) proposed that SE herbicides could reduce both volatilization and leaching losses. Gish et al. (1991b) evaluated the mobility of SE-atrazine during frequent high-intensity water inputs and found that after 16 pore volumes, >35% of the applied technical grade atrazine had leached through small soil columns, as compared with <1 to 10% for the three SE formulations studied. In an ecosystem chamber experiment, Wienhold et al. (1993) observed that volatilization losses of CF-atrazine were four times greater than SEatrazine. 
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Rate of herbicide release from the starch granules appears to be a critical factor influencing environmental fate and is governed mainly by a diffusion process (Schreiber and White, 1980) . When starch granules are applied to the soil they imbibe water, swell, and the encapsulated compound diffuses out of the starch matrix. The degree of granule swelling and herbicide release is a function of granule characteristics, pesticide chemistry and environmental factors. Environmental factors that strongly influence herbicide rate of release include soil water potential, temperature and microbial activity. Under similar environmental conditions, alachlor rates of release from starch granules were much faster than those of atrazine (Wienhold and Gish, 1992) . Differences in rates of release between atrazine and alachlor were attributed to differences in water solubility of atrazine (32 mg -l) and alachlor ( 240 m g L-l).
Starch encapsulation has been suggested as a formulation for affecting the environmental fate of agricultural herbicides. No field study has compared the environmental fate of SE herbicides to that of CF herbicides. The purpose of this study was to compare field-scale persistence and mobility of SE-atrazine and alachlor to that of CFatrazine and alachlor.
MATERIALS AND METHODS Field Site and Treatment
The experimental site was on a Monmouth sandy loam (clayey, mixed, mesic Typic Hapludult) with 2 to 5 % slope, located at the Central Maryland Research and Education Center, near Upper Marlboro, MD. In 1988, the field site was chisel plowed and divided into four small fields, each =0.25 ha (Fig. 1) . Grass alleyways and berms were established around each field. Each year, the fields were planted in corn (Zea mays L.) in late May and rye (Secale cereale L.) was planted in the fall as a winter cover crop during 1989-1992. Corn residue was left on all the fields during the winter. Rye was cut in the spring, 1 to 2 wk before any tillage practice. Corn and rye residues were soil-incorporated in the conventionally tilled field but remained on the surface of the no-tillage treatment. All tillage treatments were initiated in 1989 and consisted of two management practices. Tilled fields were chisel plowed each year in the spring, incorporating any plant residue while the only soil disturbance on the no-till fields occurred when a no-till corn drill was used for planting in the spring. Pesticide treatments, were surface applied as either (i) CF broadcast-spray or (ii) granular-broadcast SE formulation Cl'able 1). Atrazine was applied at a rate of 1.7 kg ha -t a.i. while alachlor was applied at the rate of 2.8 kg ha -I a.i. Treatments were randomly assigned to each field. Starch-encapsulated herbicides were prepared using the extrusion process (Cart et al., 1991 
Field Sampling and Analysis
Atrazine and alachlor behavior were determined from soil surface and core samples. Before herbicide application in May 1990 six soil cores (12.6 cm 2 by 1.1 m) were used to determine atrazinc and alachlor soil residue levels in each of the four fields. Neither atrazine or alachlor were detected. Within 30 rain of application in 1990, 15 surface samples (38.5 cm 2 by about 3 cm) were taken from each field to determine actual application rates and uniformity. Three of the next six core sets were collected during the next 12 too. A core set consisted of six soil cores, each 1.1 m by 12.6 cm 2, from each field. Soil cores were sectioned into 5-cm increments for the first 0.2 m, and 10-cm increments for the remainder of the core. In 1991, the same sampling procedure was used except that 20 surface samples were collected in each field, 30 rain after application.
All soil samples were stored at -5 °C until analyzed. Herbicide extraction for surface samples (<10-era depth) collected during the first two sample periods each year were different than for the deeper soil depths due to the presence of partially decomposed starch granules on the soil surface. For those samples, an enzymatic pretreatment (Wienhold and Gish, 1991) was used to break down the starch granules. After pretreatment, these and all other soil samples were extracted by adding sufficient methanol to give a.4:l (v/v) methanol/water solution. Samples were shaken on a wrist action shaker for 1 h and suction-filtered through glass fiber filter paper. Methanol was removed from the filtrate by mtoevaporation. Atrazine and alachlor were then isolated from an aliquot of the remaining aqueous filtrate by solid phase extraction using Waters C-18 Sep-Pak cartridges (Waters Associates, Milford, MA) (Nash, 1990) . Trifluralin [2, benzenamine) was added to the eluant as an internal standard. Atrazine and alachlor concentrations were determined using a gas chromatograph equipped with a N-P detector. Quantitative recovery of spiked soil samples was 92 % for SE-atrazine and 95 % for SE-alachlor. Quantitative recoveries were 99% for both CF-atrazine and CF-alachlor. Operating conditions for the gas chromatograph were: 30 m × 0.32 mm i.d. fused silica capillary coluran coated with 0.26 tm SPB-5 (Supelco, Bellefonte, PA); injector temperature, 200 °C; oven temperature 150 *C; detector temperature, 220"C; and a He carrier gas flow rate of 2.5 mL rain -~.
RESULTS AND DISCUSSION Variability in recoveries after application for 1990 and 1991 were greater for the SE formulation than for the CF for both herbicides. In 1990, coefficients of variation (CV) were 35 to 48% for CF herbicides and 47 to 60% for SE herbicides. In 1991, the CV were from 19 to 46% for CF and 50 to 79% for SE herbicides. Greater variability for SE formulations may reflect less uniform application of granules relative to broadcast sprays. Variability in the initial herbicide recoveries cannot be attributed to carryover residues as atrazine and alachlor were not detected in the soil cores removed before the beginning of this study.
Atrazine Behavior
Atrazine recoveries after application were similar in 1990 and 1991 among formulations and tillage practice (Fig.  2) . Starch-encapsulated-atrazine recoveries, however, were greater in 1991 than 1990, probably the result of enhanced atrazine persistence in the SE treatments. Thirty-four days before herbicide application in 1991 =20% of the SEatrazine applied in 1990 was still present in the top 1.1 m of soil.
Throughout the 2-yr study there was no significant difference in herbicide recovery between the two tillage practices receiving the same herbicide formulation. However, there was a herbicide formulation effect (Fig. 2) . As a consequence, data for the two fields receiving the same herbicide formulation were combined.
Mass of SE-atrazine recovered from the first core set removed after application (12 d in 1990 and 18 d in 1991) was twice that of CF-atrazine (Fig. 2) . Precipitation between chemical application and the first core set was 67.0 mm in 1990 and 40.0 mm in 1991. Although atrazine was applied at the same rate to all fields, only the SE-atrazine Trade names included for the benefit of the reader and imply no endorsement or preferential treatment of the product listed by the U.S. Department of Agriculture.
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treatment showed significant recoveries at the latter two sampling times for both years. Decreases in the standard error of the mean with latter sampling times is consistent with atrazine diffusion into larger volumes of soil, making it easier to obtain representative samples. Because measured volatilization losses from SE and CF-atrazine are <10 % of that applied (Glotfelty et al., 1989; Wienhold et al., 1993) other herbicide loss pathways such as microbiological activity and leachate losses must be responsible for the differential atrazine recovery between formulations. Starch-encapsulated-atrazine concentrations in the 0-to 5-cm increment were always greater than with CF-atrazine (Fig. 3) . In the first core set after application, 55 % of the SE-atrazine applied was recovered in the top 5 cm, while <20% was recovered with CF-atrazine. Since the first sampiing time occurred 12 to 18 d after application a portion of the SE-atrazine may have remained in the starch granules. By the second core set (157 d in 1990 and 161 d in 1991) =35% of the applied SE-atrazine was recovered in the top 5 cm, while <1% of that applied as CF-atrazine was recovered in the top 1.1 m. For the third core set (336 in 1990 and 326 d in 1991) =11% of the SE-atrazine applied still remained in the top 5 cm for both years, while <1% of CF-atrazine was recovered in the top 1.1 m of soil. Cumulative precipitation before the third core set was similar for both years; 1000 mm for the 1990 application and 924.0 mm for the 1991 application. Large surface residue values of SE-atrazine for the latter sampling periods in both years cannot be attributed to atrazine being bound within the starch granules. Under moist soil conditions (=0.0 MPa) >50 % of the SE-atrazine should be released after 8 d at 25 °C and >90% at 35 °C (Wienhold and Gish, 1992) . addition, starch is a biodegradable compound and microbial activity increases the rote of release (Schreiber et al., 1988; Wienhold and Gish, 1992) . Average air temperatures in 1990 were 28 °C, and the fields received 66.5 mm of rainfall between application and the removal of the first core set. Under these conditions we expect >50 % of the SEatrazine was released before removal of the first core set and complete release occurred in =1 mo (during 120 d before removal of the second core se0. Persistence half-lives (first-order) for atrazine and alachlor were determined for each sampling time using M(O = M0e -w here M0 is the herbicide mass applied (mg cm-=), M(t) is the herbicide mass (mg cm -z) at sampling time t, p is the herbicide dissipation coefficient (d-i), and t (d) is after application.
Calculated atrazine half-lives were always greater for SE-atrazine than CF-atrazine. Because atrazine levels in the 0-to 5-cm increment (where the greatest biological activity is expected) were always greater for SE than CF, it seems unlikely that differences in biological degradation account for differences in dissipation of SE and CFatrazine. Atrazine release from the starch-granules may be incomplete 12 to 18 d after application and relatively larger half-life values are expected. The dissipation halflives 157 and 336 d after application, however, should be similar for the two herbicide formulations if the same dissipation loss pathways are used. Ignoring half-life data associated with incomplete atrazine release, the average dissipation half-life for SE-atrazine during 2 yr was 110 + 9 d, while it was 36 + 6 d for CF-atrazine. Typical atrazine dissipation~half-lives for soils with similar pH values are 68 to 80 d (Jury et al., 1984; Gish et al., 1986; Helling et al., 1988; and Gustafson, 1989) . The lower dissipation half-lives for CF-atrazine in this study may be attributed to the coarse-textured sandy loam surface, a soil property that may accentuate leaching ( tions can influence persistence, average daily temperature and precipitation for 1990 and 1991 are shown in Figure  4 . Average daily temperature for 1991 was 2 °C greater than in 1990. Higher temperatures may explain the slight decrease in SE-atrazine persistence in 1991 (Fig. 2) .
Leaching losses of SE-atrazine appear to have been reduced by minimizing convective transport. Less than 1% of the CF-atrazine was recovered in the top 1.1 m after 336 d (Fig. 2) yet 11% of the SE-atrazine was recovered in the top 5-cm increment alone (Fig. 3) . Ditfusioncontrolled release of atrazine from the granules may be responsible for atrazine movement through different flow paths. During a rainfall, atrazine in the starch granule is largely unavailable for convective transport, but atrazine release from the starch granules will continue long after the rain has ceased. Atrazine rate of release from the starch granules is greatest from soils with a high water potential and decreases as the soil dries (Wienhold and Gish, 1992) . As water evaporates and SE-atrazine release continues, soil water containing atrazine from the starch granules will move into successively smaller pores, where it will be less susceptible to preferential flow mechanics. By comparison, much of the CF-atrazine can be transported via solution or colloidal suspension during a rain. Once transported, CF-atrazine applied as a broadcast spray may be concentrated on or near the surfaces of the large pores where it is again susceptible to transport by additional rainfall (lsensee et al., 1990; Gish et al., 1991a) . In addition, diffusion of SE-atrazine into the soil matrix may be greater than with CF-atrazine as atrazine will be concentrated near the starch granules instead of being uniformly broadcast over the entire soil surface. The greater localized atrazine concentrations with the SE formulation should produce a greater concentration gradient, enhancing atrazine diffusion into the soil matrix.
Alachlor Behavior
Alachlor recoveries after application differed between formulations in 1990 but were similar in 1991 (Fig. 5) . Initial CF-alachlor recoveries were less in 1990 (57% recovered) with an emulsifiable concentrate than in 1991 (88 % recovered) when a flowable encapsulated formulation was used. These differences are probably due to the type of CF-alachlor used (Table 1) as Heiling et al. (1988) also reported that <57 % of alachior applied as an emulsifiable concentrate formulation was recovered <1 d after application. Starch-encapsulated alachlor was more persistent than alachlor applied as CF (Fig. 5) . Calculated dissipation halflives of SE-alachlor ranged from 8 to 41 d and from 4 to 20 d for CF-alachlor. The CF-alachlor half-lives were not calculated for each core set as no CF-alachlor residues were found 336 d after application in 1990, and none was detected after 161 d and 326 d after the 1991 herbicide application. Dissipation half-lives for alachlor are much less than those of atrazine, often between 14 to 40 d (Helling et al., 1988; Gustafson, 1989) . Although SE-alachlor soil persistence was typically twice that of CF-alachlor, both persistence half-life values are within the range of published values.
Alachlor persistence appears to also be related to temperature. Like SE-atrazine both alachlor formulations showed a decrease in persistence half-lives in 1991 when temperatures were warmer. The persistence half-life of SEalachlor was 41 d in 1990 and 15 d in 1991 for the second core set. Additionally, persistence half-lives of SE-alachlor decreased from 38 d after the 1990 application to undetectable for the third core set. No alachlor was detected in 1991 with CF-alachlor for either the second or third core sets. There was no observable difference in alachlor mobility between formulations (Fig. 6) . Rapid release of SEalachlor from the starch granules and rapid dissipation are probably the two factors responsible for no quantifiable concentrations after the first core set in 1990 and 1991. In an aqueous solution, complete release of alachlor was observed in 7 d (Wienhold and Gish, 1992) . The faster release rates allowed alachlor to move quickly from the granule into the soil solution. The shorter period for controlled release provided less time for flow mechanics to be influenced.
CONCLUSIONS
Regardless of tillage, SE formulations of atrazine and alachlor were more persistent in soil than were commercial formulations. Starch-encapsulated-atrazine persistence was three tunes that of CF-atrazine in this study and was about twice that of commonly reported atrazine persistence half-lives. Starch-encapsulated-alachlor persistence was about twice that of CF-alachlor, but was within the range of persistence half-lives reported in the literature. The increased persistence is likely a result of: (i) controlled release reducing the mass of chemical available for transport during a given leaching event, and; (ii) controlled release extending the period of time over which the chemical can diffuse into soil aggregates where it will be less prone to leaching. These results suggest that SE is a promising technology for reducing leachate levels of some pesticides.
